We present the design and the realization of a compact and robust imaging spectrometer in the mid-infrared spectral range. This camera combines a small static Fourier transform birefringent interferometer and a cooled miniaturized infrared camera in order to build a robust and compact instrument that can be embedded in an unmanned aerial vehicle for hyperspectral imaging applications. This instrument has been tested during a gas detection measurement campaign. First results are presented. Recent developments in unmanned aerial vehicles (UAVs) have increased the demand for more compact and quicker plug-andplay optical instruments for outdoor measurements. The design of these UAV-embedded cameras is governed by a trade-off between compactness and performance. In the case of hyperspectral imaging sensors, which gather spatial and spectral information of a scene, this trade-off can be made between the size of the whole system and the finesse. We define the finesse of a hyperspectral camera as the ratio between the wavenumber and the spectral resolution. For compact systems, its value is typically around hundreds of bands [1] [2] [3] . The spectral sampling can be obtained by means of dispersive elements (prisms or gratings), by filters (Bragg filters or acousto-optic tunable filters, for example), or by temporal or static Fourier transform spectrometer (FTS). The static Fourier transform acquisition mode presents the advantage of having more flux and of being robust, as it has no moving components.
Most of the imaging spectrometers based on static Fourier transform use a lateral shearing interferometer, which is a twowave interferometer that splits an incident wavefront into two replicas, laterally displaced with respect to each other. The fringes of this type of interferometer are localized at infinity, and are nearly linear and equidistant in the paraxial regime, when imaged on the focal plane. The imaging system superimposes the fringes with the scene, which leads to an intensity-modulated image. The device is then installed on a scanning system, which enables the construction of the interferogram of each point of the scene by its movement. The principle is presented in Fig. 1 . Usually a Michelson [4, 5] or a Sagnac [6, 7] interferometer is used, but it is quite bulky due to the use of a beam splitter. In order to have a compact system, we have studied the possibility of a volume reduction of the interferometer and of the imaging device.
Regarding the miniaturization of the interferometer, we have studied polarization interferometers that use the double refraction in uniaxial plates [8] to split a beam into two orthogonally polarized beams, said ordinary and extraordinary polarized. These interferometers are composed of a combination of uniaxial plates put between crossed polarizer and analyzer, with their axes oriented at 45°to the principal sections (plane defined by the optical axis of the uniaxial crystal and the normal to the dioptre) of the plates in order to maximize the fringes contrast. The combination of plates is usually composed of two plates, the second plate being an optical path difference (OPD) compensator for a given incidence angle, in order to reach zero OPD. In the literature, we have found four types of birefringent lateral shearing interferometers made of a combination of uniaxial plates of the same material: the Savart plates, illustrated in Fig. 2 ; the modified Savart plates, where an additionnal achromatic half-wave plate is inserted between the plates of which optical axes are oriented at 45°and lie in the X Y plane; the double-Wollaston (DW) made of four prisms [9, 10] , but which can be interpreted as two plates with one inserted inside the second; and finally, a combination patented by Phua and Lim, where the optical axis of the first plate is oriented at 45°with respect to the Z axis and lies in the Y Z plane, the optical axis of the second plate being oriented at 90°to the Z axis and lying in the X Z plane [11] .
Such static birefringent interferometers have been mainly developed in the visible range [12] [13] [14] , but to the best of our knowledge, there is no system in the infrared spectral range. We propose here to detail the realization of a Savart-based spectral imager in the mid-infrared. In fact, the Savart interferometer was preferred because the modified Savart and the DW interferometers presented more manufacturing constraints, either for the achromatic half-wave retarder or for the four prisms with the same angle. No fundamental reason made us choose between the Savart interferometer and the design proposed by Phua and Lim, apart from the fact that the Savart interferometer is more widespread in the literature.
In a FTS, the finesse (F ) is defined as
with σ max being the maximum wavenumber of the spectral range and δ max the maximum achievable OPD. Thus designing a compact system while keeping a relevant finesse of ∼200, implies increasing the maximum OPD of the interferometer as much as possible. Equation (2), where n e ; n o are, respectively, the extraordinary and the ordinary indices and ω, the angle between the principal section and the incidence plane, gives the OPD of the Savart interferometer [9] . One can see that the OPD increases with the common thickness (e) of the plates, the field angle (θ i ) and the birefringence (Δn n e − n o ).
We started the optical design by looking for highly birefringent materials transparent in our spectral range and of which the manufacturing process is totally mastered. This led us to TeO 2 , which has birefringence of 0.14 at 4.1 μm. To reach a wide field-of-view (FOV) while keeping the system compact, we chose to use a prototype camera named "SOIE" [15] , which is an ultracompact wide field F/4 cryogenic camera whose lens is fully integrated in the cooled-detector Dewar. This camera, inspired by landscape lens design [16] , is composed of a meniscus lens with its concave surface toward the object, a cold aperture stop, and HgCdTe focal plane array (FPA). The position of the aperture stop, the lens bending, and the lens glass (silicon) have been defined to minimize astigmatism, spherical, coma aberrations, axial, and lateral chromatism. An optical filter was also inserted to limit the spectral range between 3.7 μm and 4.8 μm, but it could be changed if a wider spectral domain is needed. The "SOIE" wide total FOV of 60°× 48°led to 15 mm for the 2e total thickness of the Savart plate interferometer to reach the aimed finesse. In order to improve the spectral resolution, the classical Savart polariscope has been modified by introducing an asymmetry in the geometry. Indeed, instead of two plates of equal thickness, the thickness of the second one was reduced to shift the zero-OPD to an incidence angle different from the normal incidence. This asymmetry increases the maximum achievable OPD from 250 μm to 420 μm and thus improves the theoretical spectral resolution to 11.9 cm −1 (∼19 nm at λ 4 μm). The layout of the system is presented in Fig. 3 .
For this first prototype, called SIBI for "Spectro-Imageur Biréfringent Infrarouge," the design of the SOIE camera has not been modified and we have a 8 mm distance between the Dewar window and the cold stop. This leads to an interferometer with a large aperture of 40 mm for the plates. TeO 2 crystal plates have been bonded together by optical contact and antireflective coated by Altechna. The high image quality polarizer with a transmission efficiency of 93% was bought from Specac. The overall weight of the instrument is 2.7 kg and its volume is 12 cm × 12 cm × 20 cm. Fig. 2 . Savart plates, the uniaxial material optical axes (shown as 3D arrows) are orientated at 45°in the YZ and XZ planes, respectively, Z being the instrument main axis, the two optical paths are also presented in blue and red colors. (4) are, respectively, the polarizer and the analyzer. (2) and (3) are the TeO 2 plates of the dissymmetrical Savart. The interferometer is put at 1 mm in front of the Dewar window. Rays in red represent the OE optical path and rays in blue the EO optical path (OE and EO denote the two optical paths in the Savart interferometer; denomination related to the polarization state of the beam while propagating through the system, extraordinary or ordinary).
At the end of June 2015, SIBI has been involved in a gas detection measurement campaign in the plume of the Etna volcano. The goal of this campaign, which was led by the LPC2E (Laboratoire de Physique et Chimie de l'Environnement et de l'Espace) and the LATMOS (Laboratoire Atmosphères, Milieux, Observations Spatiales), was to compare the detection capability of different instruments [17] . Here the scanning was done by a rotating stage, as illustrated by Fig. 4 .
The calibration of the instrument was made on the field just before the acquisition of a series of measurements. The image stack we processed was acquired in the morning, and the ambient temperature was 9°C. This sequence contained 1500 measurement images at a given integration time and calibration black body images at different temperatures and integration times. The image processing was done in four stages: the nonuniformity correction (NUC), the geometrical distortion correction, the image registration, and finally, the application of a Fourier transform algorithm to recover the spectrum.
Nonuniformities are due to the disparity of output voltage of the pixels in response to a uniform illumination. To correct this disparity, a uniform black body image at a temperature of 5°C, called the background image, was subtracted from the images of the sequence. An image with a zero integration time, called noise image, was used to find bad pixels' location by thresholding. Once bad pixels were located, their values in each image of the sequence were replaced by the mean value of the neighboring good pixels. Afterward, the pixel gain was corrected. For this, the background image was subtracted from a black body image (im BB ) at 15°C, and the result was corrected from bad pixels. Interference fringes, which modulate the response of detector pixels in im BB , were suppressed by applying a mask in the Fourier space to set the spatial frequencies due to the fringes to zero. The pixel gain was defined as the inverse of the black body image without the fringes obtained previously.
For the geometric distortion correction, we proceeded in two steps. First, we corrected the optical distortion by using a pinhole camera model for a third order radial distortion and a first order tangential distortion [18, 19] . This was done in the laboratory, installing SIBI on a two-axes rotation stage and putting it in front of a collimated black body source. We have used a least square method to recover the coefficients of the model for which the modeled distorted coordinates of the spot centroid best fit the measured ones. To evaluate the fitting quality of the model, we used the Euclidean distance in pixels between the estimated position and the measured position of the spot centroid. We found a mean error of 0.17 pixels in the full FOV. Second, we corrected the deformations introduced by the scanning system. Indeed, the homography transformation introduced by the camera panning was transformed into a translation transformation before applying a correction algorithm for motion estimation. This is done by using cylindrical panoramic projection [20] . Let us specify that to transform a distorted image into an undistorted one, regularly sampled on a cylindrical grid, a relationship was found between the distorted coordinates and the coordinates of the centroid on the theoretical cylindrical FPA, so that only one interpolation was performed to correct the image. Figure 5 shows an example of the correction of a raw image.
The following stage of the image processing was the registration of the stack of images now related by a translation transformation. For this, a reference image was selected and the translation vector ⃗u between this image and the other images was estimated using a correlation algorithm based on Eq. (3):
where FT −1 is the inverse Fourier transform, e I is the Fourier transform of image I, and I the Hermitian conjugate of I. Next, the parameters of the motion model which transforms the coordinates of the reference image into the coordinates of the image to be registered were fitted by a first order polynomial and used for the registration of the 875 images for which the FOV overlaps. The same motion model has been applied to the OPD image to construct the interferogram.
Finally, we applied a Fourier transform algorithm to the interferograms to recover the spectra of all pixels. These latter were divided by the spectral sensitivity of SIBI, and we added to them the Planck law for a blackbody at 5°C, to compensate for the background subtraction operated on the raw images. We thus obtained spectra calibrated in radiance. Preliminary results are presented in Fig. 6 . The experimental spectral resolution here is 13 cm −1 (∼21 nm at λ 4 μm).
In conclusion, a new compact and robust hyperspectral camera, SIBI, which operates in the midwavelength infrared spectral range, has been designed and built. This hyperspectral camera has been tested in real operating conditions, and the Letter first results are encouraging. In future work, we will improve our image processing chain, as some artifacts have been noticed in the final images. The optomechanics will also be redesigned for a UAV-embedded measurement campaign. The optical design itself will also be reconsidered. Indeed, in the present configuration, there is a useless distance of 8 mm between the cold stop and the Dewar window. Removing this gap and the optical filter as well as depositing the polarizer and the analyzer directly on the surface of the Savart plates, which is the main challenge here, will reduce the aperture of the plates by almost three times, and thus, decrease the whole size of the system. Figure 7 presents the layout of this new system at the same scale as the layout of Fig. 3 . . Optical scheme of a more compact imaging spectrometer (same scale as Fig. 3 ). Polarizer and analyzer are directly deposited on the external faces of the TeO 2 uniaxial plates and the Dewar window has been brought closer to the cold stop.
